ABSTRACT We conducted a series of Þeld experiments in 2003 and 2004 to evaluate the efÞcacy of a variety of insecticides and insecticide application technologies for the control of phlebotomine sand ßies at Tallil Airbase, Iraq. During the experiments, 53,263 sand ßies were collected. The experiments evaluated the following: 1) routine sand ßy control operations using a variety of residual and area-wide insecticides; 2) a combination of Þve different insecticide application methods in and around tents; 3) residual application of lambda-cyhalothrin and ultra-low volume application of pyrethrins in houses; 4) carbaryl and lambda-cyhalothrin applied as barrier sprays; 5) a deltamethrinimpregnated fence; 6) lambda-cyhalothrin applied as a residual spray in concrete manholes; 7) deltamethrin-treated ßooring in tents; and 8) ultra-low volume-applied malathion. Although some of the experiments resulted in limited reductions in the number of sand ßies collected in light traps, in no instance did we completely eliminate sand ßies or reduce populations for a sustained period. The implications of these Þndings are discussed.
Phlebotomine sand ßies are of widespread importance in the transmission of Leishmania in Iraq. Military personnel deployed to Iraq may develop leishmaniasis when desert operations expose service members to foci where infected sand ßies are found (Martin et al. 1998) . Between May 2003 and November 2004, Ͼ1,100 United States military personnel who had deployed to Iraq for Operation Iraqi Freedom developed cutaneous leishmaniasis caused by Leishmania major Yakimoff and Schokhor (Lay 2004 ). Although prophylactic drugs or vaccines are the preferred means of protecting deployed military personnel from infectious diseases, there currently are no vaccines or drugs that can prevent leishmaniasis. Therefore, the prevention of leishmaniasis relies upon measures taken to minimize exposure of military personnel to biting sand ßies (Martin et al. 1998) . Prevention of sand ßy bites can be achieved through effective use of personal protective measures (Touze et al. 2001 , Robert 2001 or by reducing vector populations through judicious use of insecticides or elimination of vector habitat (Croft et al. 2001, Horosko and Robert 1996) .
Methods for the control of phlebotomine sand ßies in the New and Old Worlds have been reviewed by Amó ra et al. (2009) , Maroli and Khoury (2004) , Alexander and Maroli (2003) , Killick-Kendrick (1999) , and Lane (1991) . Sand ßy control is complicated by the many species of sand ßies and reservoir hosts involved in the transmission of multiple Leishmania species over a variety of geographic habitats (Alexander and Maroli 2003) , such that no single method will provide satisfactory control under all conditions. Because the breeding sites of sand ßies are generally unknown, control efforts focusing on immature stages are currently not feasible. Measures used to minimize sand ßy bites during military operations include application of residual insecticides on tents and buildings; use of barrier sprays, ultra-low volume (ULV), or thermal fogging applications of insecticides using hand-held, truck-mounted, or aerial spray equipment; and use of personal protective measures such as application of insect repellent on exposed skin, donning of permethrin-treated clothing, and use of insecticidetreated bed nets (Coleman et al. 2006, Maroli and Khoury 2004) . Although there is increasing evidence some species of phlebotomine sand ßies may be developing resistance to selected insecticides (Surendran et al. 2005 , Kishore et al. 2004 , Dhiman et al. 2003 , Dhiman and Mittal 2000 , Amalraj et al. 1999 , most species remain susceptible to all of the major classes of insecticides Khoury 2004, Tetreault et al. 2001) .
Sand ßy control is accepted as practical and feasible in most Old World situations (Alexander and Maroli 2003) ; however, there are few well-documented examples of successful control in the Middle East in general or Iraq in particular. Jacusiel (1947) found DDT provided Ͼ52 d of protection against several species of phlebotomine sand ßies when sprayed on the inside walls and ceilings of houses in the Palestine; however, DDT was ineffective as a barrier when sprayed around the periphery of houses. In contrast, Turner et al. (1965) found malathion provided no protection when sprayed as a thermal aerosol and DDT and malathion only gave 24 h of control when sprayed on the ground and vegetation in onefourth or 1-acre plots in the Sudan. They also found female sand ßies rapidly inÞltrated each area regardless of the size of the area treated. Wilamowski and Pener (2003) suggested DDT was the insecticide of choice in Israel because of its long residual activity under the harsh climatic conditions in the arid regions of the country, and stated numerous trials with more "friendly" insecticides had not proved satisfactory. Recently, Orshan et al. (2006) suggested high summer temperatures, strong radiation, and blowing dust limit the efÞcacy of sand ßy control methods in desert or semidesert environments, whereas Wilamowski and Pener (2003) reported that the residual activity of microencapsulated insecticides was signiÞcantly reduced after exposure to semiarid conditions. Jassim et al. (2006) reported that a residual spray program combined with distribution of permethrin-treated bednets in the Thi Qar Governate of Iraq resulted in a significant reduction in visceral leishmaniasis in 2003 and 2004 ; however, no information was given on the insecticides used nor was any attempt made to assess the impact of treatment on sand ßy populations. Finally, in one of the few recent success stories, Faulde et al. (2009) reported nearly complete sand ßy control in Mazar-e Sharif, Afghanistan, by integrating skin and textile repellents, bednets and curtains, health education, aggressive habitat destruction (wall construction, complete soil removal at camp site, soil compaction, and stone paving to a depth of Ͼ30 cm), and regular eradication of vegetation around the military encampment.
After the invasion of Iraq by coalition forces in 2003, the high densities of sand ßies at Tallil Air Base (TAB) combined with the detection of medically important Leishmania in sand ßies (Coleman et al. 2006 ) and the known risk of visceral leishmaniasis in the vicinity of the base (Jassim et al. 2006 ) resulted in the implementation of a Leishmaniasis Control Program at TAB. We have published an overview of our efforts to establish the Leishmaniasis Control Program (Coleman et al. 2006) , results of studies on the general biology of sand ßies , an evaluation of surveillance devices for the collection of sand ßies , and an evaluation of sand ßies for Leishmania parasites (Coleman et al. 2009) . In this study, we report our efforts to control sand ßies using a variety of insecticides. It is important to note these studies were conducted in an active combat zone and the goal of our program was to rapidly determine the most effective means of controlling sand ßy populations. As a result of the conditions under which we were operating, it was not always possible to carry out as many replicates of each experiment as we would have preferred, whereas on some occasions military operations forced us to terminate experiments earlier than planned.
Materials and Methods
Collection of Sand Flies. Unbaited Centers for Disease Control (CDC) miniature light traps (model 512, John W. Hock, Gainesville, FL) were used to monitor sand ßy populations in all studies evaluating the efÞ-cacy of sand ßy control efforts. The CDC light trap is the standard trap used by deployed United States Army Preventive Medicine units to collect mosquitoes, sand ßies, and other biting insects. Previous studies at TAB demonstrated the CDC light trap was an effective tool for collecting both male and female sand ßies, to include known vectors of leishmaniasis ). The CDC light traps used in 2003 were provided with collection cups with a wire mesh bottom designed for the collection of mosquitoes (part number 1.44, John W. Hock, Gainesville, FL). Because sand ßies could readily pass through the wire mesh, a piece of paper was taped over the mesh to prevent the escape of sand ßies. In 2004, all light traps were equipped with collection cups with Þne mesh suitable for the collection of sand ßies (part number 1.49, John W. Hock, Gainesville, FL). A comparison of collection data (species numbers and diversity) from 2003 and 2004 suggested the piece of paper we installed in 2003 did not affect the trapsÕ performance ). The CDC light trap is most effective when CO 2 is used as an attractant (Hoel et al. 2010) ; however, neither dry ice nor compressed CO 2 was available at TAB during the course of this study. All traps were placed by 1800 hours (all times were local) each day and collected by 0800 hours the following morning. Traps were normally placed with the light Ϸ1 m above the ground. The location of each trap was recorded using a handheld Global Positioning System device (Garmin International, Olathe, KS). Upon return to the Þeld laboratory, collection cups were placed in a Ϫ70ЊC freezer for Ϸ30 min to kill the sand ßies. Sand ßies were then sorted, and the numbers of male and females were recorded. Sand ßies were stored in 70% ethanol and shipped to the Walter Reed Army Institute of Research. At Walter Reed Army Institute of Research, Ϸ85% of the female sand ßies and 5% of the males were selected for testing by polymerase chain reaction for Leishmania parasites (males were included as negative controls). The remaining 15% of females and 95% of males were then available for identiÞcation to species. We attempted to identify all ßies for each collection in which 10 or fewer ßies remained, and a minimum of 10 ßies from collections with 10 or more ßies. We believe this process gave us representative samples.
Statistics. A mixed analysis of variance model was used to evaluate the effect of insecticides and insecticide application methods on the number of sand ßies collected in light traps in each of the different experiments. In the model, date of collection and insecticide treatment were considered Þxed effects, and their number in each individual trap was treated as a random effect. Second-order interaction between the date of collection and insecticide treatment was also tested in the model. A natural log transformation was used on all data to stabilize the variance. Because only a portion of sand ßies collected in each study was identiÞed to species, PearsonÕs 2 test was used to compare the proportion of ßies of a given species in treated versus untreated areas. All statistical testing was completed using SAS software (SAS Institute, Cary, NC).
Routine Sand Fly Control Operations. As a result of the high numbers of sand ßies biting service members stationed at TAB (Coleman et al. 2006 ), a sand ßy control program was initiated in May 2003 and continued through October 2004. This program consisted of a combination of ULV area treatment and application of residual insecticides on the interior and exterior surfaces of tents and buildings. Because incomplete pesticide application information was available for 2004, this study only includes data from 2003.
Weather permitting (wind speed of Յ16 km/h and no precipitation), a Beecomist Pro-Mist 15 MP sprayer (Clarke Mosquito Products, Roselle, IL) mounted within a sturdy aluminum cage that was mounted on the back of a military high-mobility, multipurpose wheeled vehicle (HMMWV) was used to carry out nightly ULV application of Atrapa (96.5% malathion, Environmental Protection Agency [EPA] Registration 1812-407, Griffon LLC, Valdosta, GA) or Scourge (4.14% resmethrin and 12.42% piperonyl butoxide, EPA Registration 432-716, Bayer Environmental Science, Research Triangle Park, NC) insecticides, according to the label directions of the respective product. The HMMWV was driven at 8 km/h, with Atrapa applied undiluted at a rate of 2 oz/min (59 ml/min) or 0.66 oz/ac (145 ml/ha) and Scourge applied undiluted at a rate of 9 oz/min (266 ml/min) or 3 oz/ac (219 ml/ha). The routes followed by the HMMWV were based on the wind direction on each night, so that maximum coverage of the main housing areas of the post was achieved. ULV spraying was conducted between 1800 and 2100 hours in May and June; however, after diel activity studies indicated sand ßies were most active later in the night ), spraying in July and thereafter was carried out between 2200 and 0200 hours.
The Air pressure in the tank was maintained at 50 Ð55 psi during application of the insecticides. Treated structures included the exterior and interior walls of tents and buildings from the ground to a height of Ϸ2 m, exterior and interior walls of latrines, and sand bags placed around tents and buildings.
Light traps were used to monitor sand ßy populations at 10 sites where vector control activities were occurring and at two sites where vector control activities did not occur. Traps were set at least twice each week. Pretreatment surveillance was not conducted during this study, as sand ßy surveillance and vector control activities were initiated simultaneously.
Camp Sapper Study. In this study, we evaluated the efÞcacy of residual insecticides and area spraying on sand ßy numbers in and around houses, between 14 and 20 May 2003 in a small Iraqi military housing complex called Camp Sapper. Camp Sapper was located Ϸ1,600 m northeast of TAB and contained 65 houses separated into six blocks of 10 houses each and one block of Þve houses. The houses were abandoned by Iraqi military forces at the start of Operation Iraqi Freedom and were used by United States military forces during this study. We included 20 houses in two of the blocks, with 10 houses each randomly assigned to be treated or untreated (Fig. 1) . Each house was located on a 20 ϫ 30-m plot of land surrounded by a brick/cement wall Ϸ2 m high. Houses were two stories high and constructed of brick over which a mortar surface had been applied. On 17 May 2003, a 0.03% solution of lambda-cyhalothrin (Demand Pestab) diluted in water was applied to the interior and exterior walls of each treated house using a 2-gallon hand-held sprayer. The interior walls of the houses were treated from the ßoor to the ceiling and the exterior walls were treated to a height of Ϸ2 m. On 18 May 2003, the interior of each treated house was fogged with undiluted Pyronyl Oil Concentrate OR-3610A (3% pyrethrins and 6% piperonyl butoxide, EPA Registration 655-501, Prentiss, Sandersville, GA), using a Colt hand-held ULV generator (London This site was selected because of complaints from soldiers in the 1208th Quartermaster Company about the high number of sand ßy bites they were experiencing Ð this site had not received any insecticide treatments before the start of this study. Fifteen tents were located in the study site and all 15 were treated with insecticides, along with all vegetation and soil within 20 m of the tents. The area treated with insecticides was Ϸ100 ϫ 50 m in size.
Five different insecticides/application methods were used, to include the following: 1) area-wide ULV application of undiluted Scourge; 2) treatment of the walls of tents and latrines with a 0.06% solution of lambda-cyhalothrin (Demand Pestab); 3) dusting of rodent burrows, cracks, and crevices in the ground, surrounding vegetation and other potential resting places in the vicinity of the tents with Sevin dust (5% carbaryl, EPA Registration 10107-43, Van Diest Supply Company, Webster City, IA); 4) spraying of all vegetation with a 0.033% solution of cyßuthrin (Tempo WP); and 5) fogging inside the tents with undiluted Pyronyl Oil Concentrate OR-3610A. Procedures for the application of Scourge, Demand Pestab, and Pyronyl Oil Concentrate were described previously. Sevin dust was applied using a power duster (SOLO model 423, Belcon, Reseda, CA), whereas Tempo WP was diluted with water and applied using a skidmounted liquid sprayer with a 200-gallon tank (model FMC DM10E200SRK, John Bean/DBA Equiserv, Conway, AR).
We placed nine CDC light traps in treated areas, to include a single light trap inside of four randomly selected tents, outside of each of the same tents, and in a tree located Ϸ5 m from one of the treated tents (this tree was within the area in which Scourge was applied and also sprayed with Tempo WP). Two additional traps, serving as controls, were placed in a grove of trees located Ϸ150 m upwind of the tents. Traps were set on 14 nights between 19 June and 4 August 2003, with the Þrst four trap nights (19 Ð23 June) serving as pretreatment controls.
Concrete Manhole Study. In this study, we evaluated the impact of a residual application of cyßuthrin on sand ßy populations in concrete manholes. The study was conducted between 4 and 14 May 2004. These manholes provide access to underground conduit. Over 100 manholes were present alongside a number of roads at TAB. They were spaced Ϸ30Ð40 m apart and had an internal size of Ϸ1.5 ϫ 2.0 ϫ 1.5 m. Initial surveillance with light traps indicated sand ßies could be collected in the manholes. Six manholes were selected for inclusion in this study, with three randomly selected to receive treatment with a residual insecticide and three left untreated. A 0.05% solution of cyßuthrin (Tempo 20 WP) was sprayed on all surfaces of the treated concrete manholes on 9 May 2003 using an X-Pert 2-gallon hand-held sprayer with pressure gauge (H.D. Hudson Manufacturing, Chicago, IL). A single unbaited CDC light trap was hung in each of the six manholes on three nights before treatment and on four nights after treatment.
Barrier Spray Study. In this study, we evaluated the efÞcacy of insecticides sprayed on the ground for the control of sand ßies. In this study, we tested the prediction that sand ßies would contact the insecticidetreated soil and be killed before they could cross the treated soil. The study was conducted between 14 July and 5 August 2004. A 10 ϫ 80-m swath of ground in each of three fallow agricultural Þelds that we had not treated with insecticides was used. Each Þeld was at least 100 m from the nearest Þeld. A CSM2 Turbine Mist Sprayer (Buffalo Turbine, Springville, NY) with a 50-gallon tank was used to apply a 1% solution of Carbaryl 4L (43.4% carbaryl, EPA Registration 19713-49, Drexel Chemical, Memphis, TN) to one of the Þelds and a 0.06% solution of lambda-cyhalothrin (Demand Pestab) to a second Þeld, with the third Þeld serving as a control. Pesticides were prepared according to label directions and the soil in each swath of ground treated with insecticide until the soil was clearly wet. Three CDC light traps were placed in the center of each swath at 20-m intervals. Sand ßy populations were monitored for 2 wk (four trap nights) before and for 1 wk (four trap nights) after application of the insecticides.
Insecticide-Treated Fence Study. In this study, we determined whether a 1-m-high, deltamethrin-impregnated mesh fence ( Fig. 2 ) could serve as a barrier to reduce the numbers of sand ßies collected in light traps surrounded by the fence. The study was conducted between 25 May and 12 August 2004. Six fallow agricultural Þelds that we had not treated with insecticide were selected. Each Þeld had similar topography and was separated from other Þelds by at least 0.5 km. A 16-m-long ϫ 1-m-high Permanet (VestergaardFrandsen, Alexandria, VA) containing 55 mg deltamethrin/m 2 was used to construct a square fence (4 m per side) in the center of three randomly selected Þelds, with the remaining three Þelds left unfenced (untreated). To prevent sand ßies from passing under the fence, we covered the bottom edge with Ϸ7.5 cm of soil. The mesh contained 255 holes/in 2 . A single unbaited light trap was placed in the center of each fenced area or in the center of untreated sites. Sand ßies were collected at each site for 9 wk before the placement of the barriers and for 2 wk after placing the barriers.
Insecticide-Treated Flooring Study. In this study, we determined whether deltamethrin-impregnated plastic ßooring placed inside tents would reduce the numbers of sand ßies collected in a light trap placed in the center of the tent (Fig. 3) . The study was conducted between 25 May and 7 July 2004. Six uninhabited Army TEMPER tents located in a single encampment were selected for the study. A 3 ϫ 4-m Zeroßy plastic sheet (Vestergaard-Frandsen, Alexandria, VA) containing 360 mg deltamethrin/m 2 was placed inside each of three tents such that it covered the entire ßoor, whereas the remaining three tents were left untreated (i.e., no insecticide-treated ßooring was installed). The treated tents were located Ϸ150 m from the untreated tents, and clustered together, but with at least 5 m between each. Similarly, the untreated tents were located at least 5 m from each other. A single unbaited light trap was suspended in the center of each tent. Sand ßies were collected at each site for 3 wk before the placement of the plastic sheets and for 3 wk after placing the sheets.
ULV Insecticide Application Study. In this study, we evaluated the impact of a ULV application of Atrapa on the number of sand ßies collected in light traps. The studies were conducted between May and August 2004 along a 1,500-m section of a north-south running road, with a 400-m section along the southernmost end of the road and a 400-m section along the northernmost end of the road serving as treated and untreated sites, respectively. The vegetation and topography were similar throughout the entire study site. At 2000 hours, four light traps were placed at 50-m intervals along the southern (treated) end of the road and four along the northern (untreated) end of the road. At 2200 hours, the collection cups on each trap were removed and replaced with new collection cups. At 2205 hours, a ULV application of Atrapa was made Ϸ100 m upwind of the four light traps in the treated area. Procedures used for the application of the insecticides followed those described previously. At 2400 hours, the collection cups on each trap were removed and replaced with new collection cups, with this last set of collection cups removed at 0600 hours. The sand ßies in each collection cup were then counted. The 2000 Ð2200 hour collection comprised the pretreatment phase, whereas the 2200 Ð2400 hour and 2400 Ð 0600 hour collections comprised the posttreatment phase. The wind on the evening of the spray was light and from the west and prevented the spray from drifting north into the untreated portion of the road.
Qualitative Bioassay of ULV Applications of Atrapa and Scourge. In this study, we determined whether the sand ßies at TAB were susceptible to a direct ULV application of Atrapa or Scourge. To determine susceptibility, we exposed light traps containing recently collected sand ßies to ULV applications of Atrapa or Scourge. We conducted the study on 5 July 2004. Sand ßies were collected in light traps 1 h before the bioassay. Approximately 100 sand ßies were collected in each of six light traps. For each bioassay, two traps were suspended 1.5 m above ground in a fallow agricultural Þeld. The traps were 10 m apart and centered on a 100-m path running parallel to the route of our ULV sprayer. A third trap (control) was similarly positioned in a Þeld located 100 m upwind of the Þeld we sprayed. Following procedures described previously, we applied either Atrapa or Scourge by spraying along a 100-m-long route parallel and 40 m directly upwind of the traps. Thirty minutes after the application, we removed the collection cups from the light traps and compared the condition of the sprayed sand ßies with the control. We then placed the collection cups in 5-gallon buckets, draped the buckets with wet cotton bath towels, and held the sand ßies for 12 h in an air-conditioned room. At 12 h postspray, we again compared the treated and untreated sand ßies.
Results
Routine Sand Fly Control Operations. ULV application of insecticides began on 4 May 2003 and continued until 2 September 2003, with application of Atrapa occurring between 4 May and 2 June and application of Scourge between 3 June and 2 September (Fig. 4) A summary of the numbers of sand ßies collected during routine sand ßy control operations at TAB is provided in Fig. 4 and Table 1 , with a breakdown of the collections by week provided in Table 2 . Because insecticide applications were initiated at the same time as sand ßy surveillance, there was no pretreatment phase in this study (Table 1) . Overall, light traps in the treated areas collected an average of 60% fewer sand ßies than did light traps placed in the untreated areas ( Table 2 ). The numbers of sand ßies collected varied greatly from week to week in both treated and untreated sites, with overall trends similar in both the treated and untreated sites. For example, during the week of 30 July, low numbers of sand ßies were collected in both the treated and untreated areas (an average of 15 and 21 sand ßies/trap/night, respectively), whereas during the week of 6 August, very high numbers were collected in both treated and untreated areas (an average of 273 and 399). The number of sand ßies collected dropped to very low levels during the week of 13 August (an average Þve in both treated and untreated areas) and then rose back up to very high levels (an average of 69 and 409) during the week of 20 August (Table 2) . At no point from May through September did the number collected in the treated areas drop to fewer than 10 sand ßies per trap for more than 1 wk. Fewer sand ßies were collected in light traps in the treated areas compared with the untreated areas during 23 of the 26 wk in which collections were made (Table 2 ). Because pretreatment surveillance was not conducted, it is difÞcult to determine whether the lower numbers of sand ßies collected in the treated sites compared with the un-treated sites were a result of the insecticide treatments.
We identiÞed 3,786 sand ßies to genus, with all Phlebotomus spp. subsequently identiÞed to species (Table 3) . Phlebotomus papatasi Scopoli, Phlebotomus sergenti Parrot, and Phlebotomus alexandri Sinton were collected in both treated and untreated areas, with P. alexandri as the most abundant and P. sergenti the least abundant in both treated and untreated areas. A signiÞcantly (PearsonÕs 2 test, P Ͻ 0.05) higher proportion of P. papatasi and P. alexandri was collected in the treated areas compared with the untreated areas, whereas a signiÞcantly lower proportion of Sergentomyia spp. was collected in the treated areas compared with the untreated areas (Table 3) .
Camp Sapper Study. Although this was a fairly small study, it had appropriate controls, to include pretreatment and posttreatment surveillance as well as a randomized block design for the treated and untreated areas. We applied 112 liters of 0.03% lambda-cyhalothrin (Demand Pestab) to the interior and exterior walls of the 10 treated houses on 17 May, and fogged the interior of the houses with 0.5 liters of 3% pyrethrins (Pyronyl Oil Concentrate) on 18 May (Fig. 5) . The treatment had no signiÞcant effect (F ϭ 2.61; df ϭ 1, 24; P ϭ 0.119) on the numbers of sand ßies collected in the light traps in the treated or untreated areas (Table 1, Fig. 5) . Notably, the number of sand ßies collected in both the treated and untreated areas increased signiÞcantly on 20 May. This increase possibly resulted from reduced wind speeds on 20 May, as the wind speed on this night averaged 4.1 km/h compared with an average of 11.1 km/h during the Þrst six nights of the study. Finally, there were no statistical differences (PearsonÕs 2 test, P Ͻ 0.05) in the proportion of sand ßies of each species collected in the treated compared with the untreated sites (Table 3) .
1208th Quartermaster Company Study. Notable in this study were the extremely high populations of sand ßies at this study site (Table 1 ), the sheer volume and variety of different insecticides and application methods we used, and the insigniÞcant impact of our control efforts on sand ßy numbers. The timing of all insecticide applications is shown in Fig. 6 . On 24 June, we applied 27 liters of a 0.06% solution of lambda-cyhalothrin (Demand Pestab) to the interior and exterior walls of all 15 canvas tents, sand bags, and latrines in the treatment area. Between 24 June and 1 August, the treated area received ULV application of 4% resmethrin (Scourge) on 25 nights. The exact amount of resmethrin applied could not be determined, as this site was one of many treated each night and the exact amounts applied at each site were not recorded. On 28 and 30 June and on 1, 2, and 7 July, we treated rodent burrows, cracks, and crevices in the ground, and a For each study, means in a given column (i.e., pretreatment or posttreatment phase) followed by the same letter are not signiÞcantly different (Student-Newman-KeulÕs test, P Ͻ 0.05).
b For each study, posttreatment means in a given row (i.e., control or treated) are signiÞcantly different (Student-Newman-KeulÕs test, P Ͻ 0.05) from pretreatment means when highlighted with an asterisk (*).
c Only sand ßies collected from 2200 to 2400 are included in the posttreatment phase.
other potential resting places in the vicinity of the tents with 13 kg of 5% carbaryl (Sevin Dust). On 23, 24, and 25 July, all vegetation in the study site was treated with 3,218 liters of a 0.033% solution of cyßuthrin (Tempo WP). Finally, on 23, 24, and 25 July, we treated the inside of all tents with 4 liters 
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a Mean numbers of sand ßies collected in a given week in the treated area are signiÞcantly (Student-Newman-KeulÕs test, P Ͻ 0.05) lower than mean numbers collected in the untreated areas that same week. Fig. 6 ). These data clearly show that although populations in any given site ßuctuated widely, at no point did the application of insecticides result in a signiÞcant, sustained decrease in the number of sand ßies collected. The ßuc-tuation in sand ßy numbers appears unrelated to the application of pesticides, as trends for the treated sites appear to follow those in the untreated site (Fig. 6) . Finally, there was a signiÞcantly (PearsonÕs 2 test, P Ͻ 0.05) higher proportion of P. papatasi and lower proportion of Sergentomyia spp. collected in the treated site compared with the control site (Table 3) .
Concrete Manhole Study. Our failure to reduce the number of sand ßies over relatively large areas (routine sand ßy control operations and the 1208th Quartermaster Study) suggested it might be more practical to conduct smaller scale studies focusing on a single insecticide or a single application technology. The manholes used in this study appeared to offer an ideal environment in which to evaluate the efÞcacy of residual pesticides, because we had previously determined sand ßies could be collected in these structures, the concrete walls offered an ideal substrate on which residual insecticides could be applied, and the interior of the manholes was sheltered from the environment (suggesting the insecticides would not be degraded or coated with blowing dust). The treatment had no signiÞcant effect (F ϭ 0.25; df ϭ 1, 9; P ϭ 0.629) on the numbers of sand ßies collected in the light traps (Table 1, Fig. 7) .
The ineffectiveness of cyßuthrin in the relatively small manholes was unexpected. We offer two explanations. First, perhaps the sand ßies we collected never rested on the walls. Rather, they may have ßown directly into the light traps, and the sand ßies in the treated manholes thereby escaped exposure to the insecticide. Alternatively, perhaps the sand ßies did rest on the sides of the manholes, and those in the treated manholes died after entering the light traps.
Had we recorded whether the sand ßies were alive or dead when we collected the light traps, we might have been able to assess this hypothesis. If the latter suggestion is true, it would imply the insecticide was working, but our study design did not allow us to observe the effect. Nonetheless, we report our results in this study as an example of the difÞculties of eval- uating sand ßy control efforts, and as a caveat for other researchers.
Barrier Spray Study. The treatments had a signiÞ-cant effect (F ϭ 9.05; df ϭ 2, 17; P ϭ 0.002) on the numbers of sand ßies collected in the light traps (Table 1, Fig. 8 ). There were no signiÞcant differences in the mean number of sand ßies collected in any of the three sites during the pretreatment phase; however, signiÞcantly fewer sand ßies were collected in both insecticide-treated sites compared with the untreated site during the posttreatment phase. There were no signiÞcant differences in the mean number of sand ßies collected in the posttreatment phase when compared with the pretreatment phase for either the untreated or lambda-cyhalothrin-treated sites; however, signiÞcantly fewer sand ßies were collected during the posttreatment phase of the carbaryl-treated site (Table 1). We identiÞed 159 of 2,876 sand ßies we collected in this study (Table 3) . We did not determine whether there were signiÞcant differences in the proportion of ßies of a given species collected during the different phases of the study because of the low numbers of sand ßies.
This study provides the Þrst statistical evidence that an insecticide was capable of reducing the number of sand ßies collected in light traps at TAB, with carbaryl appearing to provide better control than lambda-cyhalothrin. Unfortunately, during pretreatment surveillance the number of sand ßies collected in light traps in the untreated area was much higher than those collected in the treated areas (Fig. 8) . These data make it difÞcult to deÞnitively determine whether the reduction in numbers of sand ßies collected in the treated sites was solely a result of the insecticide or reßected some other factors. Additional replicates of this study would likely be required to demonstrate whether treating the soil with insecticides provides effective sand ßy control. Moreover, we doubt insecticide-treated soil would long remain an effective barrier given the amount of wind-driven dust in TAB.
Insecticide-Treated Fence Study. The insecticidetreated fence had no signiÞcant effect (F ϭ 0.76; df ϭ 1, 19; P ϭ 0.395) on the numbers of sand ßies collected in the light traps (Table 1, Fig. 9 ). We identiÞed 688 of the 1,447 sand ßies we collected (Table 3) . A statistically (PearsonÕs 2 test, P Ͻ 0.05) lower proportion of P. papatasi and P. alexandri was collected in the treated compared with the untreated site, whereas a statistically higher proportion of Sergentomyia spp. was collected in the treated site (Table 3) .
The 1-m-high insecticide-treated fence had no effect on the number of sand ßies collected in the light traps. We were not able to determine whether this was because of a failure of the fence to serve as a barrier or whether the collected sand ßies were already present within the fenced-in area. However, because the study site consisted of a ßat sandy surface not appearing to contain ideal habitat for either larval sand ßies or resting adult sand ßies, we believe the latter is unlikely. It is possible the fence was not high enough to prevent sand ßies from crossing over it or sand ßies crossing over it did not receive a lethal dose of pesticide and were able to enter the light trap. The size of the mesh (255 holes/in 2 ) used was in theory large enough for sand ßies to pass through, but not without coming in close contact with the net. We also noted that the mesh fences rapidly became coated with dust as a result of the frequent sandstorms that occurred at TAB. This may have affected the efÞcacy of the nets.
Insecticide-Treated Flooring Study. We were testing two premises with this study, as follows: if the sand ßies were breeding under the tents, or if they ßew into the tents and "hopped" across the ßoor of the tent, then numbers of sand ßies collected in light traps should be reduced by insecticide-treated ßooring. In this study, as with each of the previous studies, our treatment had no discernable effect on sand ßy numbers (Table 1, Fig. 10 ). Although the treatment had no signiÞcant effect (F ϭ 0.03; df ϭ 1, 12; P ϭ 0.859) on the numbers of sand ßies collected in the light traps, this must be interpreted with caution, because during the pretreatment phase populations of sand ßies were signiÞcantly higher in the areas subsequently treated than in the control areas. More sand ßies were collected in the posttreatment phase when compared with the pretreatment phase for both the treated and untreated sites; however, this difference was statistically signiÞcant only for the untreated site (Table 1) . Populations in both the treated and untreated sites ßuctuated over the course of the study, with higher numbers collected in both treated and untreated sites after the placement of the ßooring. These ßuctuations presumably reßect the impact of changing weather conditions. As in the manhole study, it is possible sand ßies ßew directly to the light traps without ever contacting the insecticide-treated ßooring. Thus, sand ßies might have entered the tents, ßown over the treated ßooring, and entered the light traps. Furthermore, it is also possible sand ßies did contact the treated ßooring, but died only after entering light traps. Because we did not note the mortality rates of the sand ßies at the time of collection, we cannot assess this possibility. We identiÞed 1,240 of the 1,402 sand ßies we collected (Table 3) .
ULV Insecticide Application Study. In contrast to the previous studies in which the efÞcacy of the insecticide(s) was evaluated over a period of days, weeks, or even months, in this study we evaluated the impact of ULV application of Atrapa for a few hours posttreatment. We investigated the short-term effect because our routine monitoring never indicated an effect of the ongoing routine ULV applications. We wanted to know whether the ULV was having any impact on sand ßies, so we looked for a reduction in sand ßy numbers immediately after a ULV application. Populations of sand ßies in the treated site were not signiÞcantly different from populations in the control site during either the pre-or posttreatment phases, nor were populations signiÞcantly different in the posttreatment phase compared with the pretreatment phase in either the control or treated sites (Table 1 ; Fig. 11 ). Furthermore, we continued to collect a substantial number of sand ßies in the treated site after spraying Atrapa.
Qualitative Bioassay of ULV Applications of Atrapa and Scourge. The apparent ineffectiveness of our ULV applications prompted us to question the susceptibil- ity of TABÕs sand ßies to ULV Atrapa or Scourge. Our bioassay indicated the sand ßies indeed were susceptible to direct applications of both Atrapa and Scourge. At 30 min postspray, all of the sand ßies in the collection cups from the Atrapa-and Scourge-sprayed Þeld were knocked down, whereas zero to a few sand ßies were knocked down in the collection cups from the unsprayed Þeld. At 12 h postspray, all of the sand ßies in the cups from the treated Þelds were still knocked down, whereas the sand ßies in the untreated collection cups remained active. Clearly, if sprayed directly, sand ßies at TAB could be killed with either Atrapa or Scourge. Our next challenge, apparently, was to trap all of TABÕs sand ßies and spray them.
Discussion
The primary goal of all personnel involved in these studies was to use standard pest control practices to protect United States military personnel from sand ßy bites at TAB. However, when initial control efforts failed to signiÞcantly reduce sand ßy populations, as measured by light trap collections, it became necessary to evaluate the insecticides and control procedures we were using to determine why we were failing to reduce sand ßy populations. Unfortunately, all of the experiments described in this manuscript were conducted in a wartime environment that frequently limited our ability to design and/or conduct deÞnitive studies. Additionally, the primary mission of all individuals involved in the experiments described was to provide operational support to the military forces stationed at TAB. In some instances, study sites were disrupted by military operations or sites were rendered useless as military units established base camps on our study sites. In other instances, personnel involved in the studies were reassigned with short notice, further disrupting efforts. As a result, our research efforts to assess the efÞcacy of insecticides on sand ßy populations were frequently impacted, such that some studies were terminated earlier than planned or fewer replicates were conducted than desired.
In spite of these limitations, we believe the data presented in this work provide important information on the control of sand ßies in southern Iraq. Although each of the individual experiments had shortcomings and provided limited information, when taken as a whole, a clear conclusion emerges, as follows: most insecticide applications, regardless of application method, active ingredient, or formulation used, were ineffective in reducing the number of sand ßies collected in light traps at TAB (Figs. 4 Ð11) . In no instance did any of the control methods result in a signiÞcant, sustained reduction in sand ßy populations. Although a number of potential reasons exist as to why control efforts failed, we believe insecticide resistance was not a factor. Conversely, we believe the adverse environmental conditions at TAB played an important role in our difÞculty of signiÞcantly reducing sand ßy populations.
With the exception of DDT, in which there is known resistance (Kishore et al. 2004 , Surendran et al. 2005 , Dhiman and Mittal 2000 , there is no published information on the resistance of IraqÕs sand ßies to insecticide. Maroli and Khoury (2004) suggested most phlebotomine sand ßies in the area of Iraq are susceptible to all of the major classes of insecticides. Although both malathion and DDT have historically been used widely for mosquito control throughout Iraq (Ossi 1970 , Shalli 1970 , it is not known how effective these compounds are for sand ßy control. Likewise, the effect of agricultural pesticides on sand ßies in Iraq has not been determined, even though agricultural pesticides are known to contribute to resistance development in several species of mosquitoes (Perera et al. 2008 , Mü ller et al. 2008 ). Although we were not able to conduct deÞnitive experiments to evaluate the susceptibility/resistance of phlebotomine sand ßies at TAB to the insecticides used, we did conduct qualitative studies and demonstrated that caged populations of Þeld-collected sand ßies were rapidly knocked down after ULV applications of both malathion and resmethrin. This suggested these insecticides were effective at the doses being used. In spite of this evidence, further studies are needed to fully evaluate the susceptibility of phlebotomine sand ßy populations at TAB to commonly used classes of insecticides.
If we assume sand ßy populations at TAB were susceptible to the insecticides we used, we must consider alternative explanations for our failure to significantly reduce (as measured by light trap collections) sand ßy numbers. Our primary explanations can be categorized into biological and environmental factors. Biological factors include the following: 1) inaccessibility of immature sand ßies to insecticides; 2) activity patterns of adult sand ßies (sand ßies are active throughout the night and it is likely only a small portion of the TAB population was active and exposed to insecticides during our temporal ULV applications); 3) adult sand ßy resting behavior (we were uncertain where adult sand ßies were resting and therefore could not target speciÞc habitats for treatment); and 4) sand ßy ßight range (we did not know the ßight range of the sand ßies at TAB and could not determine whether treated areas were being reinfested by adult ßies from outside our treated sites). Environmental factors include the following: 1) the extremely hot and dry conditions, and 2) the ubiquitous dust in the air and on all surfaces at TAB, and the potential depotentiation of insecticides stored under a variety of suboptimal conditions. Although we will address each of these factors independently, it is highly likely a combination of factors resulted in the poor efÞcacy of our insecticides.
Most effective vector control programs use an integrated approach that includes source reduction as well as larval and adult control strategies to reduce vector populations to acceptable levels (Townson et al. 2005) . The World Health Organization, the United States EPA, and the CDC have all embraced the concept of integrated vector management (WHO 2004, www. epa.gov/opp00001/health/mosquitoes/mosquitojoint.htm). Phlebotomine sand ßies are different from most other arthropod vectors in that little is known about the habitats of the larvae, such that control of immature sand ßies is generally not considered feasible (Maroli and Khoury 2004) . With the exception of habitat destruction conducted as part of basing and construction activities, all of our control methods targeted adult populations and presumably did not impact larvae. It is possible that even if our control measures were effectively killing adult sand ßies, the impact would not be evident as newly emerging adults would replace adults killed by our insecticides. Although we were unable to determine whether this was the case, it should be possible to assess the age of existing populations of adult sand ßies Ð in theory, the average age of the populations should be reduced over time if newly emerging adults were replenishing those being killed by our insecticides. Although methods for age-grading sand ßies exist Añ ez 1996, Añ ez and Tang 1997) , these methods were not feasible for us.
In contrast to many species of mosquitoes that are primarily crepuscular (Service 1976) , sand ßies in the Middle East are active throughout the night during the summer months Roberts 1994 Roberts , 1996 . Of 960 phlebotomine sand ßies collected during diel activity studies in June 2003, 19, 33, 20, 21 , and 7% of the ßies were collected between 2000 Ð2200, 2200 Ð 2400, 2400 Ð 0200, 0200 Ð 0400, and 0400 Ð 0600 hours, respectively ). These data suggest only a small portion of the sand ßies is active at any given time, in contrast to many mosquito species in which a large portion of the population is active during a relatively brief period (Service 1976) . Because inactive sand ßies are likely resting in protected areas, such as animal burrows or cracks and crevices in the ground, it is possible resting sand ßies are not exposed to ULV-applied insecticides. Moreover, ULV insecticides are ephemeral and only present in the air for a short period, and would therefore only impact the small portion of the population active during the brief period when lethal concentrations of insecticide were present. We propose these factors may in part explain why our ULV insecticides had a minimal impact on sand ßy populations.
Even if the insecticides we used were effectively killing sand ßies, it is possible sand ßies from untreated areas were moving into the treated areas, so no signiÞcant reduction in the population was observed. This phenomenon has been observed when ULV applications of pyrethrins in desert environments in California failed to reduce populations of Culex tarsalis Coquillett (Lothrop et al. 2007) . Although sand ßies are generally believed to be weak ßyers traveling only short distances (Alexander 2000) , several studies have reported marked sand ßies traveling distances up to 1,000 m (Mutinga et al. 1992 ), 2,200 m (Killick-Kendrick et al. 1984 , or 4,000 m (Strelkova and Kraglov 1985) . Although we were not able to determine the distance sand ßies at TAB were ßying, on one occasion we monitored sand ßy numbers with six light traps over an area of several hectares for several weeks. United States Army engineers subsequently cleared the entire area using bulldozers and covered the area with Ϸ30 Ð 45 cm of gravel. Our subsequent light trap collections showed no reduction in sand ßy numbers, suggesting the area was rapidly inÞltrated with sand ßies moving in from adjacent areas (our unpublished data). Based on Wasserberg et al. (2003) , perhaps we should not be surprised we continued to catch sand ßies after large-scale disturbance of the soil, as these disturbances appear similar to the "human-induced ecological changes" Wasserberg et al. (2003) attributed to forming a cutaneous leishmaniasis hotspot in southern Israel.
In addition to the challenges identiÞed earlier, we also believe the harsh environmental conditions at TAB may have affected the efÞcacy of insecticides. Orshan et al. (2006) suggested the high temperatures, blowing dust, and intense radiation found in parts of Israel limit the efÞcacy of residual insecticides, whereas Kiss and Virág (2009) and Uyanik and Ozdemir (1999) demonstrated higher intensities of ultraviolet light and warmer ambient temperatures, respectively, increased the degradation of insecticides. Amarasekare and Edelson (2004) reported the residual activity of endosulfan, naled, esfenvalerate, and spinosad decreased with increasing time (0 Ð24 h) after exposure to sunlight and high summer temperatures, whereas Tietze et al. (1996) found the half-life of naled was reduced from 8 to 1Ð1.2 h by direct sunlight. As reported by Colacicco-Mayhugh et al. (2011) and Coleman et al. (2006) , environmental conditions at TAB were harsh during the period in which we evaluated the various control measures, with high temperatures and winds frequently creating dust storms from the talcum-like silt that blanketed the base and surrounding area. For example, during our routine sand ßy control operations (13 April to 24 September 2003), the average temperature at dusk (1755 hours local time) was 42.8ЊC, with winds of 23.4 km/h and a dew point of 1.4ЊC (weather data were provided by the United States Air Force Weather Detachment Station KQXJ located at Tallil Air Base). Although sandstorms occurred regularly, at no time during the summer months (May to September) did it rain or were clouds present in the sky. These hot, dry, dusty, windy conditions with intense ultraviolet light presumably affected our sand ßy control efforts in multiple ways, to potentially include rapid degradation of the insecticides and coating residual insecticides with a layer of dust such that sand ßies were not directly contacting the insecticides. For example, we repeatedly found the fabric barriers we used in the insecticide-treated fence study were coated with a Þne layer of dust, as were tents and building walls we had treated with residual insecticides. This dust, as well as a difference in height, may explain why Faiman et al.Õs (2009) 2-m-high, deltamethrin-impregnated barriers were effective, whereas ours were not.
It is unclear how the ambient conditions at TAB affected the dispersal of the ULV insecticides we evaluated. However, a recent study by Britch et al. (2010) evaluated the efÞcacy of ULV and thermal fog treatments with malathion in a desert environment (hot and dry) in California and a temperate environment (hot and humid) in Florida and provides insight into what may have occurred at TAB. During the Britch et al. (2010) study, much of the ULV material in the desert environment was lifted away from the sentinel grids, resulting in heterogeneous mortality throughout the treatment plot, with overall mortality rates of only 9% in caged sentinel mosquitoes. In contrast, use of thermal fog technology with the same insecticide resulted in 45% mortality rate in the sentinel mosquitoes. Britch et al. (2010) suggested a variety of environmental factors may have resulted in the poor performance of the ULV in the desert environment.
To adequately control sand ßies during desert environments such as those found at TAB, it is clear we need a better understanding of the bionomics of sand ßies, to include larval habitats, resting behavior, and dispersion. It will be equally important to examine the effect of desert conditions on the fate of insecticides in the environment, to include degradation of insecticides under the harsh climatic conditions commonly found in these environments as well as dispersion of insecticides applied using ULV or thermal fog technology.
